Within the white matter, axonal loss by neurodegeneration is coupled to glial cell changes in gene expression, structure and function commonly termed gliosis. Recently, we described the highly variable expansion of gliosis alebosco@neuro.utah.edu in degenerative optic nerves from the DBA/2J mouse model of chronic, age-related glaucoma. Here, to estimate and compare the levels of axonal loss with the expansion of glial coverage and axonal degeneration in DBA/2J nerves, we combined semiautomatic axon counts with threshold-based segmentation of total glial/scar areas and degenerative axonal profiles in plastic cross-sections. In nerves ranging from mild to severe degeneration, we found that the progression of axonal dropout is coupled to an increase of gliotic area. We detected a strong correlation between axon loss and the aggregate coverage by glial cells and scar, whereas axon loss did not correlate with the small fraction of degenerating profiles. Nerves with low to medium levels of axon loss displayed moderate glial reactivity, consisting of hypertrophic astrocytes, activated microglia and normal distribution of oligodendrocytes, with minimal reorganization of the tissue architecture. In contrast, nerves with extensive axonal loss showed prevalent rearrangement of the nerve, with loss of axon fascicle territories and enlarged or almost continuous gliotic and scar domains, containing reactive astrocytes, oligodendrocytes and activated microglia. These findings support the value of optic nerve gliotic expansion as a quantitative estimate of optic neuropathy that correlates with axon loss, applicable to grade the severity of optic nerve damage in mouse chronic glaucoma.
Introduction
The progressive decline and loss of optic nerve axons is characteristically associated with vision loss in all types of glaucoma . This neurodegenerative disease of the retina and optic nerve targets the retinal ganglion cells (RGCs), causing deterioration and destruction of their axons and somata through pathogenic mechanisms that are still unresolved (Quigley, 2011) . Axonopathy is progressive and heterogeneous in multiple experimental models of glaucoma (Calkins, 2012; Nickells et al., 2012; Vidal-Sanz et al., 2012) . Axonal degeneration is sectorial and asynchronous in models of induced intraocular pressure elevation (Salinas-Navarro et al., 2010; Soto et al., 2011) , as well as in the DBA/2J mouse model of inherited, chronic glaucoma (Howell et al., 2007a; John et al., 1998; Schuettauf et al., 2004) . Early in DBA/2J glaucoma, sparse degenerative axonal profiles are interspersed within nerves with preserved axon densities, and as disease advances, there is progressive increase in axon degeneration and loss that culminates in axon depletion and nerve scarring Inman et al., 2006; Libby et al., 2005a) . Given the variable severity and progressive nature of glaucomatous optic nerve degeneration, the assessment of nerve damage in animal models of glaucoma is largely based on grading or quantifying the numbers of persistent axons (reviewed in Nuschke et al., 2015) .
Evaluation of optic axon decline and loss is key in rodent models of acute and chronic glaucoma that are used to define mechanisms of RGC and axonal degeneration, and potential neuroprotection. However, this poses challenges due to asynchronous and variable distribution of axon loss and atrophy. Axon drop out can be diffuse and uniform across the entire nerve , focal and heterogeneous between fascicles (Morrison et al., 1997) , or a combination of both topographies, as in the DBA/2J model (Schlamp et al., 2006) . Direct counting of the number of persistent axonal profiles in semithin nerve cross-sections is the standard and most accurate method to determine glaucomatous axon loss, and much effort continues to be devoted to perfecting this analysis (Nuschke et al., 2015) . In rodent models of glaucoma, actual axon counts in light micrographs are performed manually or by semiautomated analysis in nerve subareas distributed in a fixed patterned or within zones selected for their uniform damage Chauhan et al., 2006; Chen et al., 2011; Crish et al., 2010; Ebneter et al., 2010 Ebneter et al., , 2012 Howell et al., 2007a Howell et al., , 2011 Inman et al., 2006; Isaacs et al., 2014; Jia et al., 2000; Joos et al., 2010; Mabuchi et al., 2003; Marina et al., 2010; May and Mittag, 2006; Sappington et al., 2010; Scholz et al., 2008; Templeton et al., 2014) . Alternatively, glaucomatous optic nerves are visually scored by degree and expanse of axon loss, damage, gliosis and scarring by trained observers (Chidlow et al., 2011) . This method is commonly applied to grade optic nerve pathology in the DBA/2J mouse strain (Anderson et al., 2005; Harder et al., 2012; Howell et al., 2007b Howell et al., , 2012 Libby et al., 2005a; Pelzel et al., 2012; Schlamp et al., 2006; Son et al., 2010) , and is complemented by estimation of the proportion of degenerative axonal profiles Howell et al., 2012) . Overall, defining disease stage and severity in glaucoma depends on accurate detection and estimation of the variable levels and patterns of axonal degeneration and loss in the optic nerve.
In human and experimental glaucoma, the progressive damage of optic axons is paralleled by gliosis (Anderson et al., 2005; Bosco et al., 2015; Crish et al., 2010; Dai et al., 2012; Hernandez, 2000; Libby et al., 2005a; Lye-Barthel et al., 2013; Qu and Jakobs, 2013; Sappington et al., 2010; Schlamp et al., 2006; Sofroniew, 2009; Son et al., 2010; Sun and Jakobs, 2012; Sun et al., 2009; Yang et al., 2012) . Degenerating optic axons are replaced by reactive glial cells, infiltrating cells and extracellular matrix within atrophic nerve areas, in both human patients and in primate models (Jonas et al., 1995; Quigley et al., 1982; Radius and Pederson, 1984) . In DBA/2J mice, severely degenerative nerves show extensive gliosis and scarring after 8 months of age, while the number of degenerating axon profiles more than doubles from 3 to 13 months of age Schlamp et al., 2006) . These conspicuous features have been useful for nerve damage grading (Anderson et al., 2005) . However, the relative expansion of total glial territories as axons vacate the glaucomatous optic nerve has not been used as a proxy for axonal neurodegeneration.
In a recent study, we detected a highly variable distribution of optic nerve gliosis across DBA/2J mice (Bosco et al., 2015) . Here, using this well-established model of chronic glaucoma, we evaluated whether the global expansion of glial and scarred nerve territories provides a quantifiable estimate of total axonal loss. For this purpose, we analyzed DBA/2J optic nerves representative of healthy, moderate and severe glaucoma, as well as Gpnmb þ/þ DBA/2J control mice. We quantified and mapped axon density by semiautomated counting methods, and in the same nerve cross-sections we applied image segmentation methods to isolate and measure degenerative axonal profiles and nerve area occupied by glial cells and scar tissue. These two methods of analysis of glaucomatous optic nerve degeneration, allowed us to detect a significant positive correlation between the expansion of nerve area occupied by glial cells and the reduction in mean axonal density. Applying segmentation analysis of nerve glial/scar areas and highly degenerative axons to a large cohort of DBA/2J optic nerves, we provide evidence that this semiquantitative method represents a practical and sensitive gauge to score progressive and variable glaucomatous pathology. 
Materials and methods

Mice
Nerve histopathology
All optic nerves were collected from mice after transcardial perfusion with 4% paraformaldehyde (PFA) and overnight postfixation within the exposed orbit, prepared as two pieces (each 1e1.5-mm in length), cut from the postlaminar region. One nerve segment was processed for 1-to 2-mm plastic cross-sections, stained with toluidine-blue and paraphenylenediamine (PPD) to increase contrast for light microscopy, and the contiguous segment was prepared for gelatin embedding, cross-cryosectioning, immunofluorescence and confocal imaging (see below). For plastic embedding, we used previously described processing methods (Calkins et al., 2005; Inman et al., 2006; Sappington et al., 2003) , with slight optimization (see Supplemental Methods for detailed protocol).
Axon counts in light microphotographs
Axon counts for individual optic nerves were obtained as described previously Crish et al., 2010; Inman et al., 2006; Joos et al., 2010; Sappington et al., 2010) . Briefly, a single, plastic cross-section was imaged in its entirety for each nerve by creating a montage of 20e25 adjacent frames using a 100Â oil-immersion objective, differential interference contrast optics (Provis AX70; Olympus, Melville, NY), a motorized stage and a digital charge-coupled device (CCD) camera. Image montages were minimally processed for contrast-and edge-enhancing using macro routines (ImagePro; Media Cybernetics, Silver Spring, MD). All axons with an identifiable myelin sheath were counted in each frame at 1,000Â digital magnification using an additional macro routine. The axon density was calculated as the number of axons divided by frame area, and the axon density for each nerve was estimated as the mean of densities across frames.
Segmentation analysis of total glia/scar area and degenerative axon profiles
To identify and measure the relative nerve area corresponding to glial cells and highly degenerative axons, observers masked to nerve identity and axon counts used image segmentation methods recently described (Bosco et al., 2015) . First, two observers with expertise in optic nerve histopathology, glaucomatous pathology and image analysis worked together to optimize intensityethreshold parameters to consistently isolate nerve areas occupied by all glial cell types, scar tissue, degenerative axons, blood vessels and meninges, which are explained in detail (Supplemental Methods). Nerve glial and scar areas are prominent and easily recognizable, requiring only minimal manual refinement to include astrocyte processes with relatively low contrast that are missed by segmentation. Degenerative axons, in the other hand, present a bigger challenge to threshold analysis due to their variable size and contrast. For this reason, segmentation is limited to axonal profiles with clearly dark myelin and/or axoplasm (dark defined as intensities at least 50% greater than nearby healthy axons). Subsequent observers practiced image segmentation in a set of reference nerves previously analyzed for axon counts, glial and degenerative axon segmentation and coverage, representative of non-glaucoma (Gpnmb þ/þ DBA/2J nerves with >60,000 axons) and three levels of glaucomatous damage (DBA/2J nerves with >60,000, <30,000 and < 10,000 axons). Supervised training concluded when threshold analysis resulted in low variability with the reference analysis (<5%; data not shown), after minimal manual refinement of segmented areas. Final analysis was performed by researchers blind to nerve condition, who generated binary overlays representing glial and highly degenerative axonal compartments, and then calculated their area relative to the nerve cross-sectional area.
Nerve immunofluorescence and confocal microscopy
A segment of postlaminar region for the same optic nerves used for nerve histopathology analysis was prepared for cryosections and immunofluorescence as described (Bosco et al., 2011 (Bosco et al., , 2015 . In brief, eyes were cryoprotected with 20% sucrose, embedded in gelatin and cross-cryosectioned (16 mm). Nerve cryosections were doubleimmunostained with mouse anti-GFAP conjugated with Cy3 (1:2,000, C9205, Sigma, St. Louis, MO) and rabbit anti-Iba1 (1:400, 019-19741, Wako, Richmond VA) or rabbit anti-Olig2 (1:750, AB9610, Millipore, Temecula, CA), which were incubated for 3 days at 4 C, or omitted in negative control slides. Secondary Alexaconjugated antibodies (donkey anti-mouse or rabbit 488 or 555 or 647 nm, 1:400) were incubated in 1% BSA for 2 h at room temperature. Slides were mounted with Fluoromount-G (Southern Biotech, Birmingham, AL) and imaged by confocal microscopy (A1 system, Nikon, Melville, NY). Each nerve was imaged with 20Â dry objective and optical zoom to a final resolution of 0.42 mm/px. The final image spanning the entire nerve cross-section was stitched from multiple single images spanning 10 mm of each section, with a 0.8 mm-z step using the Scan Large Image function (NIS-Elements, Nikon).
Statistic analysis
Correlations were calculated by two-tailed Pearson product moment test and verified by polynomial regression analysis, and considered significant when p < 0.01. Both statistical tests were performed with SigmaPlot (Systat Software Inc., San Jose, CA).
Results
Optic axon loss is highly variable in magnitude and topography in DBA/2J nerves
As a first step to analyze parallel changes in axon degeneration and gliosis in glaucomatous optic nerves, we assessed axon loss in a cohort of DBA/2J mice representative of the variable optic neuropathy reported for this strain (Inman et al., 2006; Libby et al., 2005a) . We compared the levels and patterns of axonal density in 10 healthy nerves and degenerative nerves from mice aged 7, 12 and 13 months (n ¼ 2, 6 and 2, respectively). Using lightmicroscopy images collected as a montage spanning entire semithin plastic nerve cross-sections (Fig. 1A) , we quantified the number of axons for the entire nerve area, and built axon-density maps by tiling axon counts across frames (Fig. 1B) . Healthy optic nerves with mild or undetectable axonal loss showed focal fascicular areas with high axon density (400,000e600,000 axons/mm 2 ), embedded within a large, continuous territory of evenly moderate axonal densities (~250,000 axons/mm 2 ), both at 7 or 12 months of age (Fig. 1B , nerves a and b, respectively). Nerves with intermediate axonal loss, indicative of more advanced stages of disease progression, lacked focal areas with high axon density, and showed large territories of moderate to low axon densities (~100,000e200,000 axons/mm 2 ), spanning most or part of the nerve at 12 months of age (Fig. 1B , nerves c and d, respectively). Nerves with severe glaucoma at 13 months of age, exhibited low to very low axon densities (<150,000 axons/mm 2 ), widespread throughout the entire nerve area (Fig. 1B , nerve e). Mean axon density for individual nerves (n ¼ 10) provides a global measure of glaucoma severity, and demonstrates the large variability in stages of disease progression (Fig. 1C) , consistent with multiple reports on the variable severity of optic neuropathy in the DBA/2J age-related glaucoma (Inman et al., 2006; Libby et al., 2005a) . The analyzed nerves display diverse patterns of degeneration and a wide range of mean axon densities, varying almost 5Â from~380,000 to 80,000 axons/mm 2 (Fig. 1C) .
Nerve areas occupied by dystrophic axons and glia can be isolated and quantified by image thresholding and segmentation
The deterioration and loss of optic axons during chronic glaucomatous degeneration in DBA/2J mice is concomitant with changes in reactivity, distribution or numbers of their supporting glial neighbors (Anderson et al., 2005; Schlamp et al., 2006) . We recently showed that the segmentation of optic nerve glial and scar territories, and quantification of their relative area provide an objective measure of degeneration severity (Bosco et al., 2015) . Here, we sought to define the possibility of evaluating axon loss by quantifying the expansion of degenerative axonal and non-axonal territories. We used the same cohort of DBA/2J optic nerves for which we mapped reductions in axon density (Fig. 1C) to estimate their corresponding glial and dystrophic axon coverage. To identify the relative nerve area occupied by glia and/or scar tissue, as well as degenerative axonal profiles, we used high-resolution, light images of the retro-orbital nerve segment (1e1.5 mm post-lamina; 1-mmthick cross-sections; Fig. 2A ), and applied threshold-based image analysis to segment nerve areas of diverse intensity (Suppl. Fig. 1 ) as explained in Methods and Supplementary Methods. Selecting different intensity ranges we defined three binary masks (Fig. 2 and Suppl. Fig. 1 ), corresponding to: 1) the total nerve area excluding meninges and vessels (Fig. 2B) , 2) areas occupied by degenerative axonal profiles (Figs. 2C and D) , and 3) areas covered by glial cells and scar tissue (Fig. 2F and G) . The segmented degenerative axon profiles included axons of diverse caliber with darkly PPD-stained axoplasm and/or myelin sheaths (defined as those with intensity 50% higher than nearby healthy axons), as well as hollow or vacuolized axons with delaminated or fragmented dark myelin sheaths, both representing highly degenerative axons (Smith et al., 2002) .
In comparison, structurally healthy axons were variably detectable by threshold, given their lower contrast (Fig. 2E) . Once the intensity range for semiautomated image segmentation was optimized, we refined segmented areas manually, to exclude small, artifactual holes usually affecting the peripheral nerve area, closest to the meninges) and the lumen and wall of blood vessel lumina. This image segmentation analysis generates masks corresponding to glia, gliotic cells and scars, and to highly degenerating axons for individual nerves, which are quantifiable by standard image analysis functions.
Optic nerve glial coverage expands in correlation to progressive axonal loss
Optic nerve degeneration in DBA/2J mice is characterized by the progressive and subtle decline and loss of individual axons, which associates with increasing reactivity of glial cells and scarring of nerve areas depleted of axons (Anderson et al., 2005; Schlamp et al., 2006) . Here, following up our detection of the variable expansion of glial territories in DBA/2J optic nerves as a quantifiable readout of nerve damage (Bosco et al., 2015) , we examined the quantitative relationship between axonal degeneration or loss and the concomitant remodeling in glial coverage. For this, in the same cohort of DBA/2J optic nerves that were analyzed for axonal density (Fig. 1) , we segmented the relative area occupied by glial cells and/or scar, and quantified their aggregate coverage (Fig. 3A and B) . Regardless of age, healthy nerves (Fig. 3A, a and b) displayed regularly distributed glial cell somata across the entire crosssection. However, nerves with moderate and sectorial axon drop out (Fig. 3A, c and d) showed disorganized and more conspicuous glial cells that clustered within focal areas with increased gliosis. In a nerve with severe and widespread axonal loss (Fig. 3A, e) , glial area had coalesced to occupy almost the entire nerve crosssectional area. The gamut of the relative glial area in optic nerves with increasing axon loss depicted an almost continuous increase in non-axonal territories occupied by glial cells, which spanned less than 20% in nerves with high axonal densities and expanded to near 80% in nerves largely depleted of axons (Fig. 3B) , consistent with our previous report (Bosco et al., 2015) . These data suggest that the percent of nerve area covered by glial cells and processes increases with the severity of axonal drop out in DBA/2J mouse glaucoma. 
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In the same nerves, we applied segmentation to identify highly degenerative axons through the entire nerve cross-sectional area (Fig. 3C) . To establish the feasibility of segmenting highly degenerative axons with abnormal myelin and/or axoplasm, we independently analyzed a subset of 11 month-old DBA/2J nerves (n ¼ 8) by thresholding and by manual counts of degenerative profiles (Suppl. Fig. 2A ). The number of highly degenerative axons manually detected per nerve and the number of segmented dystrophic axons for selected samples across the same nerve show strong correlation (r 2 ¼ 0.98; Suppl. Fig. 2C ), suggesting that thresholding can be used as semiquantitative tool to objectively identify clearly degenerative axons. The relative nerve area measured for segmented degenerative axonal profiles was low (<1%) in nerves with no or mild axonal loss (Fig. 3C, D a and b) , but showed variable increases (2e3%) in nerves with moderate damage (c and d), and tapered off in focal areas or nerves with prevalent axon loss (e). The aggregate area occupied by dystrophic axons showed a large variability in the sample of nerves with a range of axon density loss (Fig. 3D) . Interestingly, we detected no correlation between the relative area of the segmented degenerative axonal profiles and either the mean axon density (r 2 ¼ 0.356, p < 0.31; Fig. 3E ) or the relative glial area (r 2 ¼ 0.319, p < 0.37; Fig. 3F ). In contrast, we found a highly significant negative correlation between mean axon density and glial coverage (r 2 ¼ 0.955, p < 0.01; Fig. 3G ). Together, these data indicate that the aggregate area spanned by glial cells in an optic nerve is closely representative of the degree of axonal loss (Cooper et al., 2016) .
Glial and dystrophic axon coverage are sensitive metrics to classify glaucomatous nerve damage
Consistent with the variable age of glaucoma onset and progression in the DBA/2J strain, their optic nerves show diverse levels and spread of axonal degeneration after 10 months of age, including some with no detectable damage Howell et al., 2012; Inman et al., 2006; John et al., 1998; Libby et al., 2005b; Schlamp et al., 2006) . As shown in Fig. 3 , individual optic nerves display highly variable coverage by glial cell and/or scar tissue, and contain diverse amounts of degenerative axon profiles (Lye-Barthel et al., 2013; Schlamp et al., 2006) . To thoroughly define the validity of measuring glial expansion as a proxy for the severity of glaucomatous optic neuropathy, we compared the relative area occupied by glial cells and by dystrophic axons in a cohort of 10-monthold optic nerves from female DBA/2J (n ¼ 20) and Gpnmb þ/þ DBA/2J mice (n ¼ 14), the congenic control strain (Fig. 4) . Image segmentation analysis in non-glaucoma Gpnmb þ/SjJ DBA/2J nerves detected relative glial areas varying from 10 to 24% of the nerve crosssection, and an aggregate area of degenerative axonal profiles representing less than 1% of the nerve area (Fig. 4A) . Thus, glaucomatous axonal degeneration and loss were absent in Gpnmb þ/SjJ DBA/2J optic nerves, although there was occasional damage typical of aging (Howell et al., 2007b) . Consistent with our previous report (Bosco et al., 2015) , the cohort of DBA/2J nerves showed a continuum of glial cell and/or scar coverage ranging from 13 to 93% of the nerve area, and degenerative axonal profiles covering less than 1%, and up to 5% of the total nerve cross-sectional area (Fig. 4A) . Noticeably, DBA/2J nerves with intermediate levels of gliosis (26e35% relative area) showed the highest proportion of degenerative axonal coverage (2e5%), while nerves with low glial coverage (<20%) or with extensive gliotic areas (>40%) contained a lower proportion of degenerative axon areas (<1 and < 2%, respectively). Based upon these data, we define nerves with no or mild damage as those with glial areas below 20%, moderately damaged nerves as those with glial areas from 20 to 40% with conspicuous degenerating axon profiles (up to 5%), and severely damaged nerves as those with glial/ scar areas above 40%.
We compared this to qualitative classification of the same cohorts of nerves by visual scoring of their damage. There was good correspondence for graded nerves with no/mild damage from the Gpnmb þ/SjJ DBA/2J and DBA/2J strains, as well as DBA/2J nerves with severe damage (Fig. 4B) . However, we found that visual scoring was less able to accurately classify glaucomatous nerves with intermediate damage, as these were variably classified as healthy, moderate or severe, likely due to variations in focal versus diffuse axon loss. The spectrum of the spread of nerve glia, gliosis and axonal degeneration in control Gpnmb þ/SjJ DBA/2J and DBA/2J nerves ( Fig. 4C and D) illustrate the usefulness and sensitivity of quantifying their coverage to evaluate severity of glaucomatous damage.
3.5. Optic nerve astrocytes, microglia and oligodendrocytes remodel and become reactive as axonal loss and gliosis expand
Glial cell reactivity, loss and/or proliferation occur during glaucomatous optic nerve degeneration, both at early and late phases of disease progression (Inman et al., 2006; Nakazawa et al., 2006; Son et al., 2010) . A number of previous studies on DBA/2J optic neuropathy have provided evidence that gliosis and glial scar formation are coupled with alterations in specific glial cell types (Cooper et al., 2016; Crish et al., 2010; Inman and Horner, 2007; Schlamp et al., 2006; Son et al., 2010) . In association with axonal degeneration, after 10 months of age DBA/2J optic nerves show astrocyte reactivity and proliferation, as well as oligodendrocyte apoptosis, while microglial cells show proliferation, activation and increased phagocytic activity (Cooper et al., 2016; Crish et al., 2010; Inman and Horner, 2007; Son et al., 2010) . How each optic nerve glial cell type influences axonal neurodegeneration is an active focus of research (Burda and Sofroniew, 2014) .
Here, we compared the relative distribution and degree of activation of astrocytes, microglia and oligodendrocytes in nerves with low versus high glial cell/scar coverage, parallel to mild versus severe axonal loss. For this, nerves representative of low or high glial coverage (18 vs. 47% nerves a and d in Fig. 1A) were doubleimmunostained against GFAP and Iba1 or Olig2, and qualitatively examined for astrogliosis, microglial activation and oligodendrocyte loss by confocal microscopy (Fig. 5) . Healthy nerves showed GFAP þ astrocytes oriented transversally in a dense mesh overlaid with irregularly interspersed Iba1þ ramified microglia (Fig. 5A) , and Olig2þ oligodendrocyte nuclei, mostly clustered with astrocytic somata (Fig. 5B ). Although these features were largely uniform across the nerve cross-section, glial cell activation and density showed some variability, detectable as different GFAP and Iba1 levels in astrocytes and microglia with a more reactive cell shape ( Fig. 5C and D) . Thus, astrocytes displaying morphological signs of hypertrophy and upregulated GFAP colocalized to sectors with activated microglia having enlarged somata, shrunken processes and increased Iba1 expression, and with sparse oligodendrocytes (Fig. 5A, insets 1) . Astrocytes with moderate GFAP expression localized to nerve sectors occupied by branched microglia with low Iba1 levels and multiple oligodendrocytes (Fig. 5A, inset 2) . The variable levels of GFAP, Iba1 and Olig2 expression across the individual nerve were readily noticeable by intensity map representation (Fig. 5D) .
In contrast, nerves with severe degeneration showed extensive glial remodeling throughout the entire cross-section, which was manifest by a dense, disorganized network of astrocytes with upregulated GFAP expression overlapped with variably dense, activated microglial cells (Fig. 5E) , and a widespread lack of Olig2þ oligodendrocyte nuclei (Fig. 5F ). Corresponding single-channel views (Fig. 5G) and maps of immunofluorescence intensity (Fig. 5H ) reveal widespread astrogliosis, microglial clustering and morphological activation across the cross-section, as well as expression of Olig2 throughout the GFAP þ cytoplasmic meshwork of hypertrophic astrocytes (Fig. 5F insets) . Cytoplasmic expression of Olig2 in reactive astrocytes has also been reported in various injury models (Buffo et al., 2005; Cassiani-Ingoni et al., 2006; Chen et al., 2008; Magnus et al., 2007) . The remodeling observed in astrocytes, microglia and oligodendrocytes suggest that the mesh of reactive astrocytes and activated microglia account in large part for the increased glial coverage during the recession of axonal density, although non-glial cell types or extracellular matrix components likely also contribute to the expanded non-axonal area.
Discussion
Neurodegenerative diseases trigger gradual and chronic tissue remodeling, characterized by progressive deterioration and loss of neuronal integrity and a parallel escalation in gliosis (Burda and Sofroniew, 2014; Verkhratsky et al., 2014) . In glaucoma, optic nerve axonal degeneration is known to concur with reactivity and/ or proliferation of multiple glial cell types (Inman et al., 2011) , but no studies have analyzed the global glial expansion as a metric of the severity of optic neuropathy in the context of age-related chronic glaucoma. In the present study we examined the relationship between axon dystrophy or drop out and glial and/or scar coverage in optic nerves from DBA/2J mice and the congenic Gpnmb þ/SjJ DBA/2J non-glaucoma control strain (Howell et al., 2007b) . We described image segmentation methods that allow the isolation and quantification of nerve areas occupied by glial cells and/or scar tissue in healthy nerves and across a spectrum of glaucomatous optic neuropathy. We show a strong negative correlation between mean axonal density and the relative aggregate area of glial cells and/or scar tissue across individual nerves, indicating that glial and/or scar coverage readily and precisely identifies the level of nerve degeneration. Finally, immunostaining analysis of DBA/2J optic nerves representative of mild and severe neuropathy shows that nerve gliosis and scarring results from a combined signature of astrocyte, microglia and oligodendrocyte reactivity and remodeling. Our findings are consistent with studies in diverse experimental models of glaucoma that have reported a relationship between optic nerve degeneration and diverse measures of glial hypertrophy. For example, loss of RGC axon number or integrity associates with increased number and reactivity of astrocytes (vimentin expression) in DBA/2J mice and following acute ocular hypertension (Son et al., 2010) . In addition, phagocytic microglial cells associate with severe axonal and myelin degeneration (Son et al., 2010) . Other studies have also found that optic axon loss is associated with significant glial and connective tissue changes (Ebneter et al., 2010; Gottanka et al., 2005; Joos et al., 2010; Mabuchi et al., 2003; May and Mittag, 2006; Sandell and Peters, 2002; Schlamp et al., 2006) . However, the relative proportion of glial remodeling relative to axonal degeneration and loss has been less explored during chronic disease progression. We have expanded upon previous findings by quantifying these changes and showing a highly significant negative correlation between mean axon density and glial coverage. Thus, we establish that the amount of glial remodeling and expansion closely mirrors axonal loss, and offers a prominent readout for glaucomatous nerve damage.
Multiple strategies have been developed for estimating the extent of optic nerve damage. The gold standard is direct counting of the number of persistent axonal profiles in semithin nerve crosssections (Nuschke et al., 2015) , however for many labs this is not always feasible or practical. Alternatively, axon counts can be estimated by sampling nerve subareas, but this poses challenges since nerve degeneration can be highly variable across the nerve Chauhan et al., 2006; Chen et al., 2011; Crish et al., 2010; Ebneter et al., 2010 Ebneter et al., , 2012 Howell et al., 2007a Howell et al., , 2011 Inman et al., 2006; Isaacs et al., 2014; Jia et al., 2000; Joos et al., 2010; Mabuchi et al., 2003; Marina et al., 2010; May and Mittag, 2006; Reynaud et al., 2012; Sappington et al., 2010; Scholz et al., 2008; Teixeira et al., 2014; Templeton et al., 2014) . Many studies employ visual grading of optic nerve damage by trained observers, factoring in axon damage and loss, gliosis and glial scarring (Anderson et al., 2005; Chidlow et al., 2011; Crish et al., 2010; Harder et al., 2012; Howell et al., 2007b Howell et al., , 2012 Libby et al., 2005a; Pelzel et al., 2012; Schlamp et al., 2006; Son et al., 2010) . However, consistent visual scoring can be challenging due to variations in focal versus diffuse axon loss. We find our strategy of estimating glial expansion to be a useful alternative to these approaches. It can be performed on any high quality light microscopy image of the nerve using standard thresholding and quantification tools available in most image analysis software. The output of the analysis is a semi-quantitative estimate of axon loss across the whole nerve, which allows for fairly straightforward classification of mild, moderate or damaged nerves. As for visual scoring, training is required to reliably define areas of glial coverage and degenerative axon profiles, as we detail in our methods. One limitation of the approach is that thresholding can only reliably detect degenerative axon profiles, with dark abnormal myelin and/ or axoplasm, and not early dystrophic ones. Nevertheless, we confirmed that this matches what is detected manually, and posit that it is a partial representation of the extent of axon damage.
We also compared nerves with low versus high glial coverage, parallel to mild versus severe axonal loss, and observed changes in the relative distribution and degree of activation of astrocytes, microglia and oligodendrocytes. Previous studies examining glial responses in glaucoma have described changes in all resident glial cell types. We found that with severe degeneration astrocytes became disorganized and reactive, with upregulated GFAP expression. This is consistent with previous studies showing that astrocytes become reactive and proliferative in DBA/2J nerves undergoing moderate and severe degeneration, as well as shortly after rising intraocular pressure Inman and Horner, 2007; Son et al., 2010) . There is also substantial remodeling of astrocytes as the nerve degenerates, with reduction of astrocyte area at early stages when dystrophic axons expand, followed by glial expansion with axon loss (Cooper et al., 2016) . Interestingly, within the unmyelinated portion of the DBA/2J optic nerve, a subset of laminar astrocytes reduce their coverage concomitant to increasing intraretinal axon loss, due to process reshaping and branch simplification (Lye-Barthel et al., 2013) .
When comparing optic nerves with mild versus severe degeneration, we found evidence for loss of Olig2þ nuclei, suggesting either downregulation of Olig2 expression or loss of oligodendrocytes. Oligodendrocyte death has been reported in the DBA/2J optic nerve, and in models of induced ocular hypertension during distinct stages of axonal degeneration (Nakazawa et al., 2006; Son et al., 2010) . Interestingly, we observed upregulation of Olig2 in reactive GFAP þ astrocytes of degenerative optic nerves. The detection of Olig2 in reactive astrocytes in various injury models has suggested a role in astrogliosis (Buffo et al., 2005; CassianiIngoni et al., 2006; Magnus et al., 2007) . Consistent with this, lineage tracing and cell-type-specific mutagenesis studies demonstrated a selective upregulation of Olig2 in astrocytes, which was responsible for their proliferation and reactivity after cortical injury (Chen et al., 2008) . Thus, our findings of astroglial expression of Olig2 in severe glaucomatous neuropathy suggest a link to astrocyte responses during optic nerve degeneration.
Finally, we found increased density and activation of microglia in nerves with more severe degeneration. Microglial activation is detectable in the proximal optic nerves of young DBA/2J mice at pre-degenerative ages (Bosco et al., 2011) , while increased phagocytic activity has been assigned to activated microglia in severely degenerative nerves at 10 months of age (Soto et al., 2008) . Likewise, reactive microgliosis has been reported in nerves from animals subjected to intraocular pressure elevation (i.e (Johnson et al., 2007; Naskar et al., 2002) . Altogether, the collective evidence implies that astrocytes, microglia, oligodendrocytes and infiltrating cells from the circulation are relevant responders and potentially modulators of RGC axonal integrity and decline within the optic nerve and optic nerve head. We now establish a significant quantitative correlation between the expansion of gliosis and axon loss in the DBA/2J mouse strain.
